Abstract-A new type of magnetic nanoparticle imaging (MPI) system has been proposed and developed. The spatial resolution of MPI systems is generally determined and limited by the size of the magnetic sensors used and the magnetic properties of the nanoparticles detected. Here, high-resolution imaging of magnetic particles was realized by combining the MPI system with a high-T C SQUID magnetometer and laser scanning system. The spatial resolution of this system was not determined by the properties of the magnetic nanoparticles but was determined by the laser spot size focused on samples. Thus, the higher spatial resolution imparted by conventional MPI systems could be expected. As a demonstration of the imaging system, two cylindrical containers filled with magnetic particles solutions were fabricated and measured. Although the containers were spaced only 2 mm apart, they could be clearly distinguished by the obtained signals. A knife-edge analysis was also applied to the obtained signals, and the spatial resolution of our system was estimated to be approximately 0.9 mm.
I. INTRODUCTION

M
AGNETIC nanoparticle imaging (MPI) systems have been introduced as one of the excellent options for mapping the in vivo distribution of magnetic nanoparticle agents [1] - [3] . Magnetic nanoparticle agents are generally coated with antibodies, which can be specifically conjugated with lesion organs. Thus, MPI systems can localize lesion organs as a distribution of magnetic nanoparticle agents in bodies. For precise diagnoses in small animals, MPI systems with a high spatial resolution of less than 1 mm are needed [4] - [7] . In 2005, B. Gleich and R. Weizenecker reported a novel MPI system that utilized T. Kiwa, K. Morita, Y. Matsunaga, K. Sakai, and K. Tsukada are with the Graduate School of Natural Science and Technology, Okayama University, Okayama 700-0082, Japan (e-mail: kiwa@okayama-u.ac. jp; en422454@s.okayama-u.ac.jp; pza888o8@s.okayama-u.ac.jp; sakai-k@ okayama-u.ac.jp; tsukada@cc.okayama-u.ac.jp).
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Digital Object Identifier 10.1109/TASC.2017.2656118 the nonlinearity of the magnetic nanoparticle response [1] . In their system, a gradient magnetic field with a modulation field was applied across the mapping area; also, magnetic signals with the same frequency component with modulation field were detected. Because of the nonlinearity of the magnetic nanoparticle response, the obtained signals had peak values at the fieldfree point (FFP), which is the position where the gradient field crosses zero. Thus, imaging with a high spatial resolution can be realized by scanning the FFP across the mapping area. Because the magnetization of an ensemble of magnetic nanoparticles M thermally fluctuates in three-dimensional space, M as a function of the applied field H can be given as follows, using a Langevin function L:
where k b and μ 0 are the Boltzmann constant and magnetic permeability of a vacuum, respectively, m is the magnetization of a single nanoparticle, and T is temperature. When the amplitude of the modulation field is small enough compared with the nonlinearity of the magnetic properties, the obtained signal as a function of H is proportional to the H-derivative of M as follows:
Thus the width of dM (H)/dH at the full-width at the halfmaximum (FWHM) of the peak can be [8] ,
If the gradient magnetic field ∂H/∂r, where r is the position in the space coordinates, is applied across the mapping area, (3) can be easily transferred into the space coordinates; thus, the spatial resolution can be given by
For example, by assuming the practical parameters such as the temperature T = 300 K, the gradient magnetic field ∂H/∂r 1051 -8223 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. is 6 T/m, and the magnetization m is 5 × 10 −19 Am 2 for a 13-nm size nanoparticle [9] , the spatial resolution of the obtained images can be estimated to be approximately 5.7 mm.
As mentioned above, this evaluation clearly indicates that the spatial resolution depends on the nanoparticle magnetization. However, the actual nanoparticles used as agents have always some distribution of their magnetization values [9] , [10] , because fabrication of nanoparticles with exactly the same magnetization is very difficult.
In this study, we proposed and developed a laser-assisted magnetic nanoparticle (LAMP) imaging system by combining a high-T C SQUID (HTS-SQUID) with a laser scanning system for high-resolution MPI. The spatial resolution of the LAMP imaging system is dependent not on the properties of the magnetic nanoparticles and applied magnetic fields but on the spot size of the laser focused on the sample. Therefore, the spatial resolution is limited mainly by the diffraction limit of the laser.
Here, as a demonstration of LAMP imaging, cylindrical containers filled with magnetic particle solutions were fabricated; also, the spatial resolution of the LAMP imaging system was evaluated.
II. EXPERIMENTAL
According to (1) , magnetization as a function of the applied magnetic field is suppressed by increasing the temperature. This implies that if a laser hits the magnetic nanoparticles and increases their temperature, changes in their magnetic properties can be detected from the magnetic signals. So, when the laser is focused on a sample and scans across the mapping area, we can expect that the magnetic signals will be exactly changed when the laser illuminates the magnetic nanoparticles. Thus, LAMP imaging can localize the magnetic nanoparticles by scanning the laser in the mapping area. Fig. 1 shows a schematic of the LAMP imaging system. A planar gradiometer made from a normal conductor was placed between a pair of electromagnets. The electromagnets applied an AC magnetic field with an amplitude of 10 mT operating at 10 Hz. This was superimposed on a DC magnetic field, which could be swept in the range of 0-30 mT. The planar gradiometer comprised two elliptical coils. The baseline length of two coils was approximately 17 mm. Because the applied magnetic field was almost uniform over the gradiometer, most of it was not detected. It should be noted that a gradient magnetic field was not applied for the LAMP imaging system. However, to reduce the residual signals due to the asymmetry of the coils, a small compensation coil was placed near the planar gradiometer [11] , [12] . The compensation coil had the 22 turns with the diameter of 6 mm and the residual signal was reduced to be 1.4% in magnitude at 5 Hz compared to the residual signal without the compensation coil. The details of this gradiometer with small compensation coil are described in [13] . The measurement samples were mounted above one side of the gradiometer, and the detected magnetic signals were transferred to the input coil, which was mounted on the HTS-SQUID. The input coil was mutually coupled with the SQUID loop. The input coil has the 59 turns and the mutual inductance to the SQID was 1.95 nH. Thus, only the AC magnetic signals from the samples could be measured by the HTS-SQUID. The HTS-SQUID was cooled by a liquid nitrogen Dewar flask and magnetically shielded. The signals were finally lock-in-amplified; therefore, the signals of the second harmonic frequency component (SHG signals) could be obtained. We used a SQUID with a ramp-edge-type junction fabricated by the Superconducting Sensing Technology Research Association (SUSTERA; formerly known as ISTEC), Japan. The junction was made from La 0.1 Er 0.95 Ba 1.95 Cu 3 O y /SrSnO 3 /SmBa 2 Cu 3 O y [14] . The magnetic noise of our system was typically 870 pT/Hz 1/2 at 10 Hz without the lock-in amplifier. For the laser source, an ultrafast pulse laser was applied. The pulse width of the laser was 120 fs with FWHM and a repetition rate of 70 MHz. The wavelength was 1560 nm, which could be deeply transmitted into biomaterials. The laser energy was approximately 3.5 nJ/pulse. To focus the laser onto the samples, a convex lens with a focal length of 20 mm and a mirror mounted on a one-dimensional scanning stage were used.
As the magnetic nanoparticles, Fe 3 O 4 nanoparticles coated with a dextran were used. The average diameter of particles was approximately 13 nm without dextran and 100 nm with dextran. These magnetic nanoparticles appeared superparamagnetic and did not have any hysteresis.
III. RESULTS AND DISCUSSION
To evaluate the change in the signals of the LAMP imaging system using laser irradiation, dried magnetic nanoparticles were prepared on a plastic plate surface, as shown in Fig. 2(a) . The magnetic nanoparticles were distributed within the area with a diameter of 5 mm. The plastic plate was mounted on one side of the gradiometer to be parallel to the applied magnetic field. The dashed circle indicates the laser illumination area, which has a diameter of approximately 3 mm. Fig. 2(b) shows the detected SHG signals as a function of the applied DC magnetic field. The open and closed circles represent the SHG signals with and without laser illumination, respectively. The SHG signals show the conventional magnetic properties for a superparamagnetic material. However, the signals with laser illumination were slightly suppressed because the magnetic nanoparticles were heated by the laser. The difference between SHG signals with and without laser illumination showed a maximum value in magnitude at approximately 6 mT. Therefore, we fixed the applied DC magnetic field at this value for the following laser scanning experiment. Fig. 3 shows a photograph and schematic of the cylindrical containers filled with magnetic nanoparticle solution. The concentration of magnetic nanoparticles was approximately 170 μg/15 μL. The containers were fabricated from acrylic resin using a 3D printer. Each cylinder had a base that was 2 mm in diameter and a height of 5 mm. The two containers were spaced 2 mm apart. The ultrafast laser was focused at 2.5 mm from the top surface. The spot size was approximately 100 μm, which was estimated from the diffraction limit of the laser for the applied convex lens.
The SHG signals as a function of the position of the laser spot are shown in Fig. 4 . The laser was scanned across the containers. The dashed circles above the graph indicate the positions of the containers. It can be seen that the SHG signals were exactly suppressed when the laser hit the containers. This result indicates that localization of the magnetic nanoparticle solution could be possible. Currently, development of a two-dimensional laser scanning system using Galvano mirrors is underway for obtaining images. By applying knife-edge evaluation to the obtained data in Fig. 4 , the spatial resolution of the LAMP imaging system was determined as approximately 0.9 mm. This value was larger than the spot size of the laser. The broadening of the spatial resolution could be mainly caused by the effective hot spot size of the laser which is larger than the laser spot size. However, the value was comparable to the spatial resolution of conventional MPI systems. Because the effective hot spot size of the laser can be related to the scanning speed of the laser and the change in the SHG signals, further experiments to optimize the scanning speed is underway. Finally, to demonstrate a more practical detection of magnetic nanoparticles for medical diagnosis, the surface of the container was covered with an artificial dermis (Terudermis, Olympus Terumo Biomaterials, Tokyo, Japan). The dermis was made from collagen, and its thickness was 1 mm. The laser was focused onto the container through the dermis. To avoid scattering of the laser within the dermis, its wavelength was changed to 1046 nm with a pulse width of 300 fs with FWHM. The SHG signals as a function of the laser spot position are shown in Fig. 5 . A change in the SHG signals was clearly seen when the laser hit the container through the dermis. This result suggests that the LAMP imaging system can be a good option for localizing magnetic nanoparticles concentrated in the body.
IV. CONCLUSION
The LAMP imaging system was proposed and developed. The suppression of the magnetic properties of magnetic nanoparticles could be observed via laser irradiation. By scanning the laser across containers filled with magnetic nanoparticle solution, the positions of the containers could be localized by the obtained SHG signals. The spatial resolution of the LAMP imaging system was approximately 0.9 mm in this experimental setup, which is comparable to conventional MPI systems. Note that the advantage of LAMP imaging is that the spatial resolution is independent of the magnetic properties of the magnetic nanomaterials, whereas conventional MPI systems depend on the nonlinearity of magnetic properties. For a demonstration of the LAMP imaging system, a container covered with an artificial dermis was measured. For the actual skin, the penetration depth of 1-micron-light is approximately 6 mm [15] , where the intensity of light is reduced to be 1/e. This also means that the 1-micron-ligtht can be access to deeper position by increasing the intensity of laser. Also, the typical concentration for the medical diagnosis is 8.5 μg/17 μL [16] , which may be able to be detected by our system. As the result, we conclude that the LAMP imaging system can be used for the medical diagnosis using the magnetic nanoparticles agents.
